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Release of cytochrome c from the mitochondria, and subsequent binding to apoptotic protease-activating factor-1 (Apaf-1),
is a key trigger of apoptotic events. A complex composed of Apaf-1, dATP, and cytochrome c activates a series of
cytoplasmic proteases called caspases, leading to apoptotic cell death. We have disrupted the Apaf-1 gene in the mouse. Like
previous reports on this knockout model, we find that most Apaf-1 mutants die perinatally and frequently exhibit
exencephaly and cranioschesis. We additionally find that the neural lesions that develop in the knockout are due to an
excess of neural progenitor cells that manifests as early as embryonic day 9.5 in development. In contrast to previous reports
on the Apaf-1 knockout mice, we find that 5% of the mutants successfully survive to adulthood. In these survivors, the
brain develops normally, but in males, there is degeneration of spermatogonia resulting in the virtual absence of sperm.
Thus, cytochrome c-mediated apoptosis is not absolutely required for normal neural development, but is essential for
spermatogenesis. These findings strongly suggest that alternative apoptotic pathways work in conjunction with and parallel
to Apaf-1 and can modify its effect on programmed cell death. © 2000 Academic Press
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One important point in the control of cell death occurs
through the regulation of intracellular proteases, known as
caspases. The disruption of caspase alleles in mice has
resulted in the loss of apoptotic activity in specific tissues,
to varying degrees (Beregeron et al., 1998; Burgess et al.,
1998; Ghayur et al., 1997; Hakem et al., 1998; Kuida et al.,
1996, 1998; Wang et al., 1998; Woo et al., 1998). These
findings indicate that specific caspases are preferentially
used in certain cell types and that the deficiency of one
caspase can be compensated for by the activity of others.
Cytochrome c release from the mitochondria (in response
to apoptotic stimuli) is a critical step in initiating apoptosis,
and this release is tightly regulated by Bcl-2 family mem-
bers, which possess both pro- and antiapoptotic activity
(Adams et al., 1998). Once in the cytoplasm, cytochrome c
is recruited to the mammalian Ced-4 homologue apoptotic
protease-activating factor-1 (Apaf-1). The complex of
Apaf-1, cytochrome c, and dATP results in the activation of
procaspase-9, which subsequently activates procaspase-3
(Li et al., 1997). Profound defects in neurogenesis have been1 N.H. and C.D. contributed equally to this work.
248reported in caspase-3-, caspase-9-, and Apaf-1-deficient
mice, resulting in embryonic or perinatal lethality (Cecconi
et al., 1998; Hakem et al., 1998; Kuida et al., 1996, 1998;
Woo et al., 1998; Yoshida et al., 1998). In further analyzing
Apaf-1 mutant embryos with the lethal phenotype, we find
that neurogenesis is aberrant at both the neural progenitor
and the mature neuron stage. In addition to the previously
reported phenotype of Apaf-1 mutants, we have found that
5% of Apaf-1 knockouts survive to adulthood. In contrast to
the nonsurviving mutants the survivors lack brain pathol-
ogy, but male germ cell development exhibits profound
defects, similar to that reported for mice deficient in Bax
(Knudsen et al., 1995) and in mice which overexpress Bcl-2
and Bcl-xL in testes (Furuchi et al., 1996; Rodriguez et al.,
1997).
MATERIALS AND METHODS
Generation of Apaf-1 knockout mice. The murine Apaf-1
cDNA was amplified from a commercially available mouse cDNA
library (Stratagene) and sequenced. Primers used for PCR amplifi-
cation were based on the sequence of human Apaf-1 (Zou et al.,
1997). The sequences of these primers are 59CATCAAGACATC-
CTACATCATGGATCACATG39 (oligo 1) and 59CCGAGAT-
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249Adult Apaf-1 MutantsTATCGACAGTCACATAGG39 (oligo 2). The following primers
were designed based on the murine sequence and used to amplify
two fragments from mouse ES cell genomic DNA. The sequences
of these two primer pairs are 59GAGCCTCGAGCACTGCCTC-
CCCAATTGCTGGGATTAAAGG39 (oligo 3) and 59GGTACTC-
CACCTTCACACAGCACTG39 (oligo 4) and 59CCGTCTCCG-
ATTCTGATGCTTCGCAAACACC39 (oligo 5) and 59CAACA-
CTTATCGACATGGCTTCATC39 (oligo 6). The two genomic
fragments were used as the short arm and long arm of the knockout
vector. The targeting vector was electroporated into murine SM1
ES cells. ES cell colonies resistant to gancyclovir were selected and
screened by PCR for homologous recombination at the Apaf-1
locus. Primers used for allele-specific PCR were derived from
wild-type genomic Apaf-1 DNA sequence upstream of the short
arm, as well as sequences within the neomycin cassette. These
primer sequences are 59TCCACAGTACAGCAAAAGGGAT-
CAG39 (oligo 7) and 59GATTGGGAAGACAATAGCAG-
CATCG39 (oligo SI75). PCR products obtained from ES cell
clones were subjected to Southern blot analysis with 32P-labeled
oligo 4 to verify the presence of short arm sequences contained in
the targeting vector. Generation of chimeric mice and germ-line
transmission of the mutated allele was achieved using standard
techniques. Animals were genotyped by PCR analysis and South-
ern blotting. Presence of the wild-type allele and the disrupted
allele was determined by allele-specific PCR, using three oligos.
The sequence of the primer upstream of the disruption is 59CAG-
CAAGGCCTTTACCTGTTGAGAC39 (oligo 33). The sequence of
he primers downstream of the disruption site are 59GCCTGC-
ATCCCATAGATGGTGACCCAC39 (oligo 30R) for the wild-
ype allele and oligo SI75 for the knockout allele. Southern blot
nalysis of BamHI-cut genomic DNA was used to verify the
enotype of the mice determined to be homozygous Apaf-1 mu-
ants by PCR. The cDNA probe spanning the part of the Ced-4
omology domain was used for blot hybridization. The oligonucle-
tides used for this amplification are oligo 1 and 59CAAAACAT-
CAGTCCTCCTGTTCTG39 (oligo 8).
Histology. Specimens were fixed in 4% paraformaldehyde
vernight and subsequently embedded in paraffin for sectioning.
ections were cut at 5-mm increments and stained with
ematoxylin/eosin staining procedures.
Immunohistochemistry. Coronal sections were deparaffinized
nd preblocked in buffer containing 0.1% NP-40 and 2% normal
oat serum. Anti-tubulin antibody (Tuj-1) was obtained from
abCo. Nestin antibody is available from the Development Studies
ybridoma Bank, at the University of Iowa (Iowa City, IA).
y3-labeled secondary antibody was purchased from Jackson Im-
unoResearch Laboratories, Inc. Sections were visualized at 2003,
sing a Nikon fluorescence microscope. BrdU was administered via
ntraperitoneal injection at a dose of 0.5 mg/kg. Mice were sacri-
ced 12 h after administration, and BrdU incorporation was moni-
ored through use of the In Situ Cell Proliferation Kit, FLUOS,
vailable from Boehringer Mannheim.
In situ hybridization. The MASH-1-containing plasmid used
or generating the 700-bp probe was generously provided by Dr.
ane Johnson at the University of Texas Southwestern Medical
enter at Dallas. In vitro transcription utilizing the T7 Maxi Script
it available from Ambion, Inc., was used to generate the 32P-
radiolabeled MASH-1 transcripts. In situ hybridization of the
histologic sections followed standard protocols, as outlined in
Zhou et al. (1997). Sections were exposed for 21 days. The same
procedure was used in generating the Dab1 probe. The plasmid
Copyright © 2000 by Academic Press. All rightused for generating the Dab1 probe is described in Trommsdorff et
al. (1999).
Open field analysis. Activity of mice was assessed using an
animal activity meter from Columbus Instruments. Total distance
traveled, ambulatory time, resting time, and stereotypic time
measurements were collected. Measurements were taken three
times, on three separate days, for each mouse tested.
Preparation of S-100 extracts from fibroblasts. Mouse embry-
onic fibroblasts (MEF) derived from E14.5 embryos were prepared
and maintained using the procedure outlined in Willnow and Herz
(1994). Primary fibroblast cultures were derived from the adult
mouse abdominal wall. Pieces of the tissue were allowed to adhere
to 25-cm2 flasks and incubated in Dulbecco’s modified medium
(low glucose with glutamine) supplemented with 20% fetal calf
serum and penicillin/streptomycin. Fibroblasts were harvested and
collected by centrifugation (1800g for 15 min at 4°C). Cell pellets
were washed once with ice-cold phosphate-buffered saline (PBS)
and resuspended in 5 vol of ice-cold Buffer A (20 mM Hepes, pH 7.5,
10 mM KCl, 1.5 mM MgCl2, 1 mM Na-EDTA, 1 mM DTT, 0.1 mM
MSF). After 15 min incubation on ice, cells were homogenized
ith 20 strokes using a Dounce homogenizer. After centrifugation
2000g, 5 min at 4°C) the supernatant was collected and centrifuged
gain (100,000g, 1 h at 4°C). The resulting supernatant (S-100
xtract) was stored at 280°C.
Immunoblot analysis. Immunoblot analysis for procaspase-3
as performed as described (Wang et al., 1996). The active 20-kDa
ubunit of caspase-3 was detected using an antibody that specifi-
ally recognizes this subunit (kindly provided by Dr. Anu Srivansan
t Idun Pharmaceuticals). Western blot analysis of Apaf-1 was
erformed as described (Zou et al., 1997). Immunoblot analysis was
erformed using horseradish peroxidase-conjugated goat anti-rabbit
mmunoglobulin G and enhanced chemiluminescence (ECL) West-
rn blotting detection reagents (Amersham).
In vitro caspase-3 activation assay. Procaspase-3 was trans-
ated in vitro and purified as described (Liu et al., 1996). A 1-ml
liquot of the in vitro-translated procaspase-3 was incubated with
0 mg of cell extract in the presence or absence of 1 mM dATP and
mM MgCl2 at 30°C for 1 h. Before incubation, the volume was
adjusted to 20 ml using Buffer A. After incubation, 7 ml of 43 SDS
sample buffer was added and samples were then boiled for 3 min
and subjected to 15% SDS–PAGE. The gel was transferred to a
nitrocellulose filter and 35S-labeled protein bands were visualized
on a Fuji BAS-1500 phosphorimager.
Fluorescence microscopy of MEF cell nuclei. Wild type and
Apaf-1 mutant MEF cells were plated in four-well chamber slides
(Nunc, Naperville, IL). Cells were treated with staurosporine (2
mM) or staurosporine (2 mM) plus Z-VAD-Fmk (100 mM). After
reatment, cells were fixed in 3.7% formalin solution for 15 min
nd washed twice in PBS. Fixed cells were stained with DAPI (0.5
g/ml) for 10 min and visualized with a Nikon fluorescence
icroscope.
RESULTS
Developmental Analysis of Apaf-1 2/2 Mice
Gene targeting was used to disrupt the Apaf-1 allele in
the mouse. Figure 1A shows a schematic representation of
the wild-type allele and the targeting construct used to
disrupt the Apaf-1 gene. Assembly of the targeting vector
was performed as outlined under Materials and Methods.
As indicated in Fig. 1D the disruption of the Apaf-1 allele
s of reproduction in any form reserved.
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250 Honarpour et al.introduces an arginine-to-glycine mutation at amino acid
residue 111 (approximately 19 amino acids into the Ced-4
homology domain) and a stop codon in place of residue 124
in the mutant allele. This disruption is the farthest up-
stream in the Apaf-1 allele that has been reported to date.
Animals were genotyped by allele-specific PCR analysis
and Southern blotting for the presence of the disrupted
Apaf-1 allele (Figs. 1B and 1D).
Mice homozygous for the Apaf-1 mutation most often
present with exencephaly or cranioschesis, which result in
FIG. 1. Targeted disruption of Apaf-1 allele by homologous recom
alleles. Open boxes designate relative positions of known exons.
genomic sequences of DNA. Arrowheads represent positions of ol
analysis of mouse genotypes. Tail DNA was used for genotyping
mutant allele (2) used the “1” and “2” primer pairs, respectivel
analysis of mouse genotypes. Wild-type and Apaf-1 mutant alleles w
(lane 2), and homozygous Apaf-1 knockout (lane 3) tail DNA. A 32
sed. Apaf-1 mutant mouse DNA has an intensified band approxi
ddition, two lower bands present in wild-type and heterozygous m
y the asterisk. (D) Predicted disruption of Apaf-1 protein. Apaf-1
he Ced-4 homology domain, and the WD 40 repeat domain. The m
cid residue 111. The site of disruption is designated by “ ”. DN
A stop codon is present in place of amino acid residue 124.perinatal lethality, and are obtained at the expected Men- f
Copyright © 2000 by Academic Press. All rightelian ratio as described by Cecconi et al. and Yoshida et al.
igure 2 illustrates the phenotype of these mice (Figs. 2B
nd 2C). In order to investigate the origin of the cranial
esions in these Apaf-1 mutants, E13.5 embryos were exam-
ned for the expression of neural differentiation markers by
n situ hybridization and immunohistochemistry. These
nalyses show that the number of developing neurons in
he subventricular zone is increased and that they are
berrantly distributed (Figs. 2E and 2G). More mature
eurons consequently develop in ectopic regions, apparent
tion. (A) Schematic representation of wild-type and mutant Apaf-1
sses between dashed lines indicate regions of crossover between
cleotide primers used for genotyping of animals by PCR. (B) PCR
. PCR detecting the presence of the wild-type allele (1) and the
th fragments are approximately 500 bp in size. (C) Southern blot
detected by DNA hybridization in wild-type (lane 1), heterozygous
eled random-primed probe covering regions “A” through “E” was
ly 7 kb in size, compared to wild-type and heterozygous mice. In
re absent in Apaf-1 mutant mice. The absent bands are designated
hree functional regions: the caspase recruitment domain (CARD),
t Apaf-1 allele is predicted to disrupt the Apaf-1 protein at amino
d amino acid sequences are shown in the region of the disruption.bina
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Copyright © 2000 by Academic Press. All rightshown that neurons which fail to receive the appropriate
migratory cues upregulate mouse Disabled-1 (Trommsdorff
et al., 1999). In Fig. 2K, the ectopic regions of neurogenesis
in Apaf-1 mutants are shown to upregulate mouse
Disabled-1. This indicates that the developing neurons in
these regions fail to migrate to their proper position in the
cortex.
The course of development of the neural lesions in Apaf-1
2/2 embryos (Figs. 3B, 3D, 3E, and 3F) is shown in
comparison to wild-type embryos (Figs. 3A, 3C, 3E, and 3G).
Abnormal neuroepithelial development is seen as early as
E9.5. At this time point, the posterior neuropore closes in
normal embryos (Fig. 3A). In contrast, the neural tube in
mutants frequently fails to close and the neuroepithelium
is thickened (especially at the crests where the neuroepi-
thelium is flared laterally). At E12.5 (Figs. 3C and 3D), the
ventricles in the developing mouse brain are compressed in
Apaf-1 mutant mice due to an excessive number of cells in
the periventricular zone. The viscerocranial structures are
unaffected at this time point. By E13.5 (Figs. 3E and 3F), the
increased number of cells in the periventricular zone of the
mutant have invaded and obliterated the lateral ventricles,
and the ganglionic eminence is barely recognizable. Nasal
septal defects become apparent at this stage of develop-
ment. At E15.5 (Figs. 3G and 3H) defects similar to those at
E13.5 are seen. Retinal thickening and palate defects be-
come more pronounced at this stage (Fig. 3H).
Some Apaf-1 Mutants Survive into Adulthood
When exencephaly or cranioschesis does not occur as a
consequence of Apaf-1 deficiency, Apaf-1 knockout mice
survive to adulthood. Both male and female adult Apaf-1
mutants have been obtained, at a frequency of 5% of
newborn homozygous knockout mice. Figure 4 shows fe-
male wild-type (A) and homozygous mutant (B) mice at 5
weeks of age. Adult Apaf-1 mutants have been observed to
survive through 10 months of age. To date, 14 adult mutant
Mash-1 antisense probe. At this stage in development, Mash-1
expression is limited to neural progenitor cells in the ventral
telencephalon in wild-type mice, designated “vt”. The arrow shows
the position of one region of ectopic neurogenesis in the Apaf-1
mutants, (E) and (K). (F and G) Immunohistochemical staining of
the same sections using an anti-Nestin antibody, identifying neural
progenitor cells. From the staining pattern, stem cells are seen to be
breaching the ependymal layer and filling the ventricular cavity.
More differentiated, tubulin-expressing neurons are also aberrantly
distributed in the Apaf-1 2/2 embryos (I) compared to wild-type
mbryos (H). The Tuj-1 anti-tubulin antibody (BabCo) was used to
tain these sections. Within the Nestin-expressing cells, elevated
nd aberrant mouse Disabled-1 expression is apparent, indicating
hat the developing neurons are not properly migrating in Apaf-1
utants (K) in comparison to wild-type mice (J). “v” and “ge” show
he positions of the lateral ventricles and ganglionic eminence. TheFIG. 2. Gross phenotype, in situ hybridization, and immunohis-
ochemical analysis of Apaf-1 mutants exhibiting lethal brain
athology. (A) Wild-type newborn mouse. (B and C) Homozygous
paf-1 knockout newborn mice with exencephaly and craniosche-
is. (D and E) Coronal sections were taken from the brains of E13.5
ild-type and Apaf-1 knockout embryos, respectively, with the
evelopmental defects previously reported. These sections werear illustrates 1 mm distance, for D, E, J, and K.
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightmice have been obtained, with a roughly equal number of
males and females. Three of the 14 mice have died around
8 weeks of age due to complications from hydrocephalus. In
all other cases, the mutant adults are viable. Behavioral
analysis of viable knockout animals by open field testing
reveals a striking degree of hyperactivity that is obvious to
the unbiased observer. Knockout mice move longer dis-
tances and spend more time moving than either their
wild-type or their heterozygous, sex-matched littermates.
The distance traveled over a 1-h period is shown for 3
knockout mice and their littermate controls in Figs. 4C and
4D and is on average 103 higher than that covered by the
controls. Despite the remarkable degree of hyperactivity
observed in the adult mutants, no histological abnormali-
ties in the brain were observed (Fig. 4F). It is possible that
this phenotype results from inner ear defects (as the neuro-
epithelium lining the otic vesicles is thickened and poorly
organized in E9.5 mutants) or subtle changes in the central
nervous system which are not observable through histolog-
ical analysis.
Histologic sections taken from the brains of the adult
knockout mice show no obvious abnormalities (Fig. 4F).
Sections analyzed were taken at the level of the hippocam-
pus, thalamus/basal ganglia, and cerebellum. No defects
were apparent at any of these levels. Immunohistochemical
analysis of the brain at the level of the hippocampus reveals
no evidence of excess numbers of stem cells or an increase
in cell division as assayed by antibodies for BrdU and
Nestin (data not shown).
No developmental abnormalities were found in the kid-
ney, liver, heart, or lung of adult mutants. In addition, there
is no indication that soft tissue tumors develop spontane-
ously in these mice. Adult female mutants are fertile, and
breed successfully, albeit at a reduced frequency. The ova-
ries from the female mutants possess normal follicular
development and function and lack the atretic follicles
reported for Bax-deficient females (Knudson et al., 1995),
data not shown). However, massive degeneration of the
permatogonia in the testis of the adult mutant males from
to 10 months of age results in a dramatic reduction in the
perm. Although mature sperm are rarely seen in the
eminiferous tubules (Fig. 5B), the tail of the epidydimis is
evoid of viable sperm and thus males are infertile (Fig. 5F).
he development and function of the testis is otherwise
naffected as both Sertoli and Leydig cells are present (Fig.
hrough embryonic development. Cranial sections from wild-type
eosin are shown at 503 magnification. Sections were taken at the
(A, C, E, and G) Wild-type mice at E9.5, 12.5, 13.5, and 15.5 days
onal ages equivalent to wild-type embryos. In (A) and (B), “ot” and
n (B) point to the thickened neuroepithelium in the Apaf-1 mutant.
lens, diencephalon, telencephalic vesicle, third ventricle, lateralFIG. 3. Histology of wild-type and Apaf-1 homozygous mutant mice t
and Apaf-1 mutant mice cut coronally and stained with hematoxylin and
level of the otic vesicles in (A) and (B) and at the level of the eye (C–H).
of gestation, respectively. (B, D, F, and H) Apaf-1 mutant mice at gestati
“nt” show the positions of the otic vesicle and neural tube. Arrowheads i
“l”, “de”, “tv”, “v”, “lv”, “p”, “ge”, and “r” show the positions of theFIG. 4. Adult wild-type and Apaf-1 mutant mice. (A) Wild-type
female control at 5 weeks of age. (B) Apaf-1 mutant female mouse.
Note the normal gross viscerocranial anatomy, in stark contrast to
the defects that have been reported in previous models. Mutant
females are fertile, albeit at a reduced level. (C and D) Distance
traveled in a 1-h period for three wild-type mice, designated A, B,
and C and sex-matched controls for animals designated by the
respective lowercase letters. The mice were approximately 10
weeks of age at testing. The bars depict the range of the results
obtained on 3 consecutive days. (E and F) Coronal sections of adult
wild-type (E) and Apaf-1 knockout (F) male mice at 6 months of age,
at the level of the hippocampus. Pathology is absent in both mice
at this level, as well as the thalamus/basal ganglia and cerebellum.s of reproduction in any form reserved.
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254 Honarpour et al.5D) and adult male mutants demonstrate normal secondary
sexual characteristics.
Apaf-1 Knockout Mice Do Not Produce Apaf-1 and
Do Not Activate Caspase-3
Murine embryonic fibroblasts were prepared from E14.5
embryos of both wild-type and homozygous Apaf-1 mutant
mice and were analyzed by immunoblotting using a poly-
FIG. 5. Degeneration of spermatogonia in Apaf-1-deficient adult
estis of an adult heterozygous (A) and knockout mouse (B) at 2003
seminiferous tubules and the arrow marks the degenerating sperma
in (A) represents 0.1 mm. (C and D) Toluidine blue-stained section
4003 original magnification. Leydig cells and Sertoli cells (ind
heterozygous and mutant males. The arrowhead and arrow in C
respectively. The bar in C and D corresponds to 20 mm. (E and F)
heterozygous (E) and knockout (F) mice. The lumen of the epidydim
arrowhead in E. However, the epidydimis of the mutant male conta
in F.clonal antibody directed against Apaf-1. As shown in Fig. A
Copyright © 2000 by Academic Press. All rightA, this antibody recognizes a 130-kDa band in the lane in
hich cell extract from wild-type MEF cells (WT) was
oaded. No Apaf-1 protein band is detected in cell extract
repared from homozygous mutant MEF cells (KO). When
ssayed for procaspase-3 activation activity, cell extracts
rom WT cells are able to activate procaspase-3 in the
resence of dATP, while extracts from Apaf-1 KO cells fail
o do so (Fig. 6B). However, when purified Apaf-1 protein is
upplemented to these Apaf-1-deficient cell extracts (KO 1
mice. (A and B) Hematoxylin and eosin-stained sections from the
inal magnification. The arrowhead points to mature sperm in the
ia which is accompanied by the absence of mature sperm. The bar
estis from an adult heterozygous (C) and a knockout mouse (D) at
d by the “L” and “S”, respectively) are present in both adult
D correspond to mature sperm and degenerating spermatogonia,
atoxylin and eosin-stained sections from the epidydimis of adult
ntains mature sperm in the heterozygous mouse, as shown by the
llular debris and is devoid of mature sperm, as shown by the arrowmale
orig
togon
s of t
icate
and
Hem
is co
ins cepaf-1), the procaspase-3 activation is restored, indicating
s of reproduction in any form reserved.
t
l
b
h
r
s
w
c
7
r
a
c
t
i
s
i
s
A
a
c
s
c
2
c
w
b
c
s
i
p
m
p
a ands
255Adult Apaf-1 Mutantsthat Apaf-1 is the only protein missing in this pathway. No
cell extracts or purified Apaf-1 was added to the in vitro-
ranslated procaspase-3 in the control lane (Control). Simi-
ar experiments were done with primary cultures of fibro-
lasts from adult Apaf-1 knockout mice and mice
eterozygous for the mutation. Results identical to those
eported for the MEF cells were obtained (Figs. 6C and 6D).
To determine the role of Apaf-1 in drug-induced apopto-
is, MEF cells from wild-type and Apaf-1 knockout mice
ere treated with staurosporine. The morphological
hanges were visualized by DAPI staining. As shown in Fig.
A both wild-type and Apaf-1 knockout cells show similar
esponses to staurosporine treatment. Typical features of
poptotic cell death such as cell shrinkage, chromatin
ondensation, and pyknotic nuclei are observed in both cell
ypes. Z-VAD-fmk, a caspase inhibitor with broad specific-
ty, has no effect on the apoptotic response of these cells to
taurosporine, indicating that these changes can occur
ndependent of caspase activation.
To test endogenous caspase-3 activation in response to
FIG. 6. Absence of Apaf-1 protein and procaspase-3 activation in
either wild-type (WT) or Apaf-1 knockout (KO) MEF cells as descr
either adult heterozygous mice (HET) or adult KO fibroblasts. O
identical to those described. 50-mg aliquots of cell extract were
transferred to a nitrocellulose membrane and subsequently probed
visualized by ECL. The Apaf-1 protein migrates at 130 kDa. (B an
ncubated without additions (Control), with MEF cell extract from
urified Apaf-1 (KO 1 Apaf-1). The minor band seen in B in the
ediated by Apaf-1. In D, extracts from adult heterozygous or a
erformed in the presence of 1 mM dATP at 30°C for 1 h in a final
nd then transferred to a nitrocellulose filter. 35S-labeled protein btaurosporine treatment, cell extracts from wild-type and
Copyright © 2000 by Academic Press. All rightpaf-1 knockout MEF cells were examined by immunoblot
nalysis. Antibodies that specifically recognize pro-
aspase-3 or its active form were used. As shown in Fig. 7B,
imilar levels of procaspase-3 are present in both untreated
ell types (top). After 17 h of staurosporine treatment, a
0-kDa protein band representing the active form of
aspase-3 is observed in cell extracts from wild-type cells
ith a corresponding decrease of the 32-kDa procaspase-3
and (bottom). In contrast, no active caspase-3 is detected in
ell extracts from Apaf-1 knockout cells, even after 24 h of
taurosporine treatment.
DISCUSSION
Disruption of the Apaf-1 gene, a central regulator of
apoptosis, has been reported to result in a dramatic pheno-
type largely restricted to the development of the brain and
viscerocranium. As reported in previous work, exencephaly
and cranioschesis are commonly seen in the Apaf-1-
1-deficient fibroblasts. (A and C) Cell extracts were prepared from
under Materials and Methods. For C, extracts were derived from
ise, procedures for extract preparation and immunoblotting are
cted to 10% SDS–PAGE. After electrophoresis, the protein was
a rabbit anti-Apaf-1 polyclonal antibody (1:2000). Bound IgG was
A 1-ml aliquot of in vitro-translated 35S-labeled procaspase-3 was
or KO mice, or with APAF-1 knockout cell extract and 20 ng of
lane represents background procaspase-3 cleavage, which is not
Apaf-1-deficient mouse fibroblasts were used. Incubations were
me of 20 ml Buffer A. Samples were subjected to 15% SDS–PAGE
were visualized by phosphorimager.Apaf-
ibed
therw
subje
with
d D)
WT
“KO”
dult
voludeficient mice generated in this study. In this report, we
s of reproduction in any form reserved.
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256 Honarpour et al.show that neural tube closure defects and thickened neu-
roepithelium appear at E9.5 in development, in contrast to
the previous reports that developmental abnormalities do
not exist prior to E12.5 (Cecconi et al., 1998; Yoshida et al.,
1998). The neural tube closure defects are consistent with
the exencephalic phenotype occurring later in the develop-
ment of most mutants (Macdonald et al., 1989). This
finding is also consistent with the finding that caspase
FIG. 7. Staurosporine-induced apoptotic response in MEF cells
Wild-type (WT) and Apaf-1 mutant (KO) MEF cells were treated w
(STS) for 6 or 24 h, or with 2 mM (final concentration) staurosporin
with DAPI (0.5 mg/ml) for 10 min and visualized using fluorescenc
WT and KO MEF cells were treated with solvent alone (UT) or w
extracts (S-100) were prepared as described under Materials and Me
estern blot analysis using a rabbit antibody against hamster cas
nother rabbit antibody that recognizes only the cleaved 20-kD
ubsequent exposure to film. (C) Pathways of programmed cell death
echanisms. Cytochrome c release into the cytoplasm (mediated
apoptosis in the absence of Apaf-1. However, Apaf-1-deficient cells
or caspase-3 (shown in white). Other effector mechanisms or facto
for the absence of active caspase-3.inhibitors block neural tube closure (Weil et al., 1997).
Copyright © 2000 by Academic Press. All rightAlthough most of the Apaf-1 mutants in our studies possess
the same phenotype as those reported by Cecconi et al.
(1998) and Yoshida et al. (1998), 5% of the mutants survive
into adulthood without obvious defects in brain develop-
ment. This suggests that other genes greatly modify the
dependence of neurons on Apaf-1. Our finding that extracts
of fibroblasts from adult Apaf-1 mutants are unable to
activate caspase-3 indicates that the cell death in the adult
Change of cellular morphology after staurosporine treatment.
olvent alone (UT), with 2 mM (final concentration) staurosporine
d 100 mM Z-VAD for 24 h. After treatment, the cells were stained
roscopy at 1003. (B) Western blot analysis of caspase-3 activation.
mM (final concentration) staurosporine (STS) for 17 or 24 h. Cell
. 50 mg extract/lane was subjected to 15% SDS–PAGE followed by
-3. The same filter was subsequently stripped and reprobed with
unit of active capase-3. Bound IgG was visualized by ECL and
esponse to apoptotic stimuli, cells can utilize a variety of apoptotic
Bcl-2 family members like Bax, Bcl-2, and Bcl-xL) does instigate
ble to undergo apoptosis despite the inability to activate caspase-9
eased from the mitochondria (such as AIF) are able to compensate. (A)
ith s
e an
e mic
ith 2
thods
pase
a sub
. In r
by
are a
rs relknockouts occurs independent of caspase-3 activation. The
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257Adult Apaf-1 Mutantsdifferences between the previously reported Apaf-1 knock-
out models and that reported here are potentially due to the
different genetic backgrounds of the ES cells and mice used
in propagating the disrupted Apaf-1 gene. In the present
study, ES cells were of 129SvEv origin and chimeric animals
were bred to C57BL/6J females. The 129 SvEv and C57BL/6J
alleles were randomly mixed in the F2 generation, in which
they may differentially affect cell death pathways. The
differences may also be due to the site of gene disruption
used in the different knockout models. In the strain re-
ported in this paper, the site of the disruption lies upstream
of those used in previous reports. Furthermore, no Apaf-1 is
detectable in the adult mutants, nor are cell extracts from
mutants able to activate procaspase-3 in a dATP-dependent
manner. It is therefore unlikely that there is expression of
residual, truncated Apaf-1 that exerts dominant negative
effects.
The surviving male Apaf-1 mutants always exhibit de-
generating spermatogonia accompanied by a dramatic re-
duction in sperm. Similar defects were reported for Bax-
deficient mice, which lack mature sperm production due to
the accumulation of cells within the seminiferous tubules
(Knudson et al., 1995). Although the adult Apaf-1 mutant
ales have patent tubules and degenerating spermatogonia,
he phenotypic similarity is consistent with the function of
oth genes in promoting cytochrome c-mediated cell death.
urthermore, transgenic male mice that overexpress Bcl-2
r Bcl-xL in the testis possess reduced sperm in the semi-
iferous tubules and epidydimis, varying in association
ith defective spermatogonia function (Furuchi et al., 1996;
odriguez et al., 1997). In these transgenic models, excess
ell numbers in the seminiferous tubules are present early
n development and are partly eliminated with the aging of
he mouse. The male mice examined in this study ranged
rom 2 to 10 months of age, and the possibility that germ
ells were more abundant before sexual maturity remains.
owever, the seminiferous tubules in the adult Apaf-1
nockout males are invariably patent, thus tubule obstruc-
ion is not the cause of the infertility observed. Despite the
ifferences in pathology seen between the Bax-deficient
ice, the aforementioned transgenic models, and the sur-
iving Apaf-1-deficient males, it is clear that genes regulat-
ng the apoptogenic effect of cytochrome c affect male germ
ell development and function.
The absence of brain pathology in the surviving knock-
uts suggests that alternative apoptotic pathways are able
o compensate for the lack of cytochrome c and caspase-3-
mediated apoptosis in brain development. Our findings in
mutant fibroblasts emphasize that a variety of apoptotic
programs are at a cell’s disposal and that activation of
caspase-3 does not serve as an indication of all apoptotic
events occurring in tissues (Fig. 7C). In animals deficient in
caspase-3, caspase-9, and Apaf-1 the development of the
central nervous system appears to be most severely af-
fected. These results indicate that apoptotic programs are
executed differently, depending on the specific tissue and
apoptotic stimuli used to evoke them. Other pathways
Copyright © 2000 by Academic Press. All rightactivated by mitochondrial damage which are independent
of cytochrome c, possibly involving AIF (Susin et al., 1996),
may act in parallel to Apaf-1-mediated apoptosis, leading to
cell death.
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